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An amphiphilic hexa-peri-hexabenzocoronene self-assembles to form a -electronic, discrete nanotubular object. The object is characterized by an aspect ratio greater than 1000 and has a uniform, 14-nanometer-wide, open-ended hollow space, which is an order of magnitude larger than those of carbon nanotubes. The wall is 3 nanometers thick and consists of helical arrays of the -stacked graphene molecule, whose exterior and interior surfaces are covered by hydrophilic triethylene glycol chains. The graphitic nanotube is redox active, and a single piece of the nanotube across 180-nanometer-gap electrodes shows, upon oxidation, an electrical conductivity of 2.5 megohms at 285 kelvin. This family of molecularly engineered graphite with a one-dimensional tubular shape and a chemically accessible surface constitutes an important step toward molecular electronics.
The discovery of multi-(1) and single-walled (2) carbon nanotubes has triggered remarkable scientific and technological advances at the nanoscopic level during the past decade (3) . Such tubular carbon nanoclusters are formed by rolling-up of graphene sheets, whose extended -conjugated architectures provide these nanotubes with extraordinary electronic properties. From a topological standpoint, multiwalled carbon nanotubes can be regarded as a family of graphite. Their tubular architectures, in which curved graphene sheets are stacked perpendicularly to the longer axis of the tubes, are characteristic of graphite structures. Here, we report a new family of discrete nanotubular graphite formed by self-assembly of a hexa-peri-hexabenzocoronene (HBC) derivative (1) (Fig.  1A) . In sharp contrast with multiwalled carbon nanotubes, our nanotube consists of a graphitic wall formed from numerous molecular graphene sheets stacked parallel to the longer axis of the tube. Whereas a bottom-up, supramolecular approach has shown the potential for controlled synthesis of nanoscopic tubular objects (4-10), such objects possessing tailored -electronic functions have not yet been developed.
HBC can be regarded as the smallest graphene fragment consisting of 13 fused benzene rings, and has a strong tendency to stack together via -electronic interactions. Mü llen and co-workers have reported that chemical modification of HBC's periphery with long alkyl chains results in the formation of discotic liquid-crystalline materials that exhibit high charge-carrier mobilities (11) (12) (13) . In the present work, we synthesized amphiphilic HBC 1 (Fig. 1 ) using the scheme shown in fig. S1 . A lipophilic cyclopentadienone was coupled with a hydrophilic diphenylacetylene by the Diels-Alder reaction, and the resulting hexaphenylbenzene precursor was subjected to oxidative cyclization, to give HBC (1) bearing two dodecyl chains (C12) on one side and two triethylene glycol (TEG) chains on the other (14 ) . Theoretical discussions (4, 15) have suggested that the formation of tubular lipid assemblies requires two-dimensional (2D) bilayer membranes with a longrange in-plain crystal order. Such crystalline membranes would favor cylindrical curvature, resulting in the formation of helical tapes, which are topologically equivalent to tubules. We expected that our HBCbased gemini amphiphile 1 in polar solvents could self-assemble to form a highly crystalline bilayer tape of -stacked HBC, a potent precursor for tubular structures.
Compound 1 was suspended in tetrahydrofuran (THF) and heated to 50°C. The resulting yellow-colored solution was allowed to cool to 30°C, and gradually turned cloudy within a few hours (Fig. 1B) . Electronic absorption spectroscopy of the THF solution at 50°C showed an absorption band at 362 nm, characteristic of highly dispersed HBCs (16 ) . On cooling, this absorption decreased in intensity, and new absorption bands with considerable red shifts appeared at 426 and 459 nm, which are assignable to a -stacked self-assembly of 1 (17 ) . This spectral change was thermally reversible. Rapid cooling of a hot THF solution at 1 mg/ml resulted in a time-dependent spectral change with an isosbestic point at 400 nm, which subsided in 30 min (Fig. 2) . Thus, -stacked oligomers of 1 are formed at the initial stage and further self-assemble with one another to give large insoluble assemblies. At higher concentrations (above 5 mg/ml), cooling resulted in gelation of the solution ( fig. S2 ). Filtration of the suspension or a gel diluted with THF allowed isolation of self-assembled 1 almost quantitatively as a yellow- colored, sticky substance (Fig. 1C) . Slow diffusion of hexane vapor into a THF solution of 1 was effective for the controlled growth of the self-assembled structure. On isolation by filtration, the red-shifted absorption bands due to the -stacked HBC were considerably enhanced.
Scanning electron microscopy (SEM) of a THF suspension of self-assembled 1, after being air-dried, revealed the formation of fibrous assemblies with an extremely high aspect ratio (Fig. 3A) . SEM of a filtered, isolated sample showed bundles of the fibrous assemblies (Fig. 3B) , whose open-ended cross-sectional image demonstrates that the fibers are tubular in morphology. Transmission electron microscopy (TEM) of the air-dried suspension demonstrated that the tubes are straight and discrete with no detectable branched structures (Fig. 3C) and have a uniform diameter of 20 nm (Fig. 3D) . The wall is estimated to be 3 nm thick, resulting in an internal tube diameter of 14 nm. The nanotube showed an electron diffraction pattern with a scattering at 3.6 Å (Fig. 3D, inset) , which can be assigned to the plane-to-plane separation of the -stacked HBC units. This value is comparable with that of the (002) diffraction of graphite (3.35 Å). We also found that the nanotubes are thermally stable, as confirmed by SEM observation after heating the nanotubes to 100°C. Differential scanning calorimetry of the nanotubes showed an intense endothermic peak at 203°C upon first heating ( fig. S3 ). Because the resulting material still exhibited a birefringence in polarized optical microscopy, this endotherm is not due to isotropization but to a transition to a liquid crystalline mesophase involving reorganization of the -stacked HBC 1.
The graphitic nanotube is one order of magnitude larger in diameter than singlewalled carbon nanotubes, and only a few tubular assemblies of small organic molecules have been obtained in this size regime (6) . In contrast with symmetrically substituted HBC derivatives, which mostly form 3D structures consisting of columnar stacks of HBC units (11) , the amphiphilic HBC (1) reported here forms a discrete tubular nanostructure with a curved 2D wall. We consider that this tubular object is formed by rollingup of a 2D pseudo-graphite tape composed of -stacked 1 (Fig. 4) . Indeed, when water (20% v/v) was present during the self-assembling process of 1 in THF, both coiled and tubular objects (Fig. 4 , B and C) could be observed by TEM (Fig. 3, E and F) . Considering the molecular structure and dimensions of amphiphilic 1, the wall thickness of the nanotube (3 nm) suggests a bilayer structure of the precursor tape (Fig. 4A) . This bilayer tape most likely consists of two single-layered graphitic tapes, each composed of bilaterally coupled 1D HBC columns. Here, the long alkyl chains are interdigitated to hold the bilayer structure, whereas the hydrophilic TEG chains, located on the surface of the tape, should suppress the formation of multilayer structures in a polar solvent such as THF. Infrared spectroscopy of the nanotube on a KBr plate ( fig. S4) showed CH 2 stretching vibrations at 2918 cm -1 ( anti ) and 2849 cm -1 ( sym ), indicating that the alkyl chains are closely packed to form a crystalline domain. Furthermore, the hydrophilic nature of the nanotube surface was confirmed by the finding that a water droplet on a glass surface spin-coated with tubularly assembled 1 showed a much smaller contact angle (45.5°) than that on a surface coated with 1 from a homogeneous solution (72.7°) ( fig. S5 ).
Our nanotube is composed of a redoxactive component (18) and is expected to be electroconductive when a charge carrier can be generated in such a highly ordered -electronic array. Upon addition of an equimolar amount of nitrosonium tetrafluoroborate (NOBF 4 ), a one-electron oxidant (19) , to the nanotube in the solid state, new absorption bands appeared at 559 and 605 nm, together with a broad band at 700 to 1400 nm ( fig.  S6 ). Electron paramagnetic resonance spectroscopy of the resulting dark brown solid showed a resonance signal with a g value of 2.00298 (⌬H pp ϭ 0.191 mT) at 23°C (fg. S7). Thus, compound 1 in the solid state can be one-electron oxidized by NOBF 4 to give a radical cation. From TEM and atomic force microscopy (AFM) observations, the nanotube maintained its tubular structure after the oxidation.
The above observations motivated us to investigate if a single piece of our graphitic nanotube is electroconductive. For the conductivity measurements, a single piece of the nanotube was randomly positioned across Pt nanogap (180 nm) electrodes on a SiO 2 substrate (14) . The height profile of the AFM image ( fig. S8 ) was comparable to the thickness of the single nanotube, as estimated by TEM (Fig. 3D) . As shown in fig. S9 , the intact nanotube was essentially insulating (blue circles). In sharp contrast, the nanotube after oxidation with NOBF 4 showed a conducting I-V profile with an ohmic behavior (red circles). The conductivity decreased as the temperature was lowered ( fig.  S9 ), indicating that the oxidized nanotube is a semiconductor. From the I-V profile, the resistivity at 285 K was determined to be 2.5 megohms (20) , which is comparable to that of an inorganic semiconductor nanotube composed of gallium nitride (ϳ10 megohms) (21) . The electrical conduction observed for our nanotube is interesting, because it is realized by a long-range intermolecular electronic communication through graphitelike molecular arrays.
Our molecular design strategy takes full advantage of the amphiphilic character of 1, which prohibits the 3D growth of a self-assembled structure more commonly observed for nonamphiphilic HBC molecules. Provided that a precursor bilayer tape is 22 nm wide (Fig. 3F) , a 10-m-long nanotube consists of ϳ2 ϫ 16 unidirectionally aligned -stacked columns, each composed of 5 ϫ 10 4 molecules of HBC. Such a discrete, defect-free, long-range molecular ordering is exceptional.
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ERRATUM C O R R E C T I O N S A N D C L A R I F I C A T I O N S
R e p o r t s : "Self-assembled hex a -p e r i-h ex a b e n zo c o ronene graphitic nanotube" by J. P. Hill et al. (4 June 2004 (4 June , p. 1481 ). On page 1481, in the ninth line of the a b s t ra c t , "an electrical conductivity" should have been "an electrical re s i stance." On page 1483, in the 28th and 29th lines of text in the first column, the word "resistivity" should read "resistance."
